Introduction {#Sec1}
============

The intestinal epithelium, a single layer of columnar cells, lines the luminal surface of the intestinal mucosa and is regenerated throughout adult life. The intestinal epithelium is one of the most rapidly proliferating epithelia in mammals and plays an essential role in maintaining the balance between homeostasis and pathological condition \[[@CR1]\]. In the small intestine, the epithelium comprises repeating crypt-villus units, 5--positive (Lgr5+) crypt base columnar (CBC) stem cells located in the crypt base with lysozyme-secreting Paneth cells (PCs) forming a mosaic pattern \[[@CR2]\] (Fig. [1](#Fig1){ref-type="fig"}). The close interaction of CBCs with PCs is essential to maintain the stem cell function of CBCs. Fig. 1PCs located in crypt provide support to stem cells by secreting EGF, Wnt3a and DLL4. Under injury condition, PCs acquire stem features and generate all type of intestinal epithelial cells by activating Notch and Wnt signals. The lamina propria consists of multiple components and cell types, including mesenchymal cells, fibroblasts, neural cells, T cells and macrophage cells; they promote stem cell proliferation by activating Wnt signalling pathway or secreting cytokines (e.g. IL-22, IL-6 and GLP-2). Other differentiated cells such as enteroendocrine cell and enterocyte can restore stem features and promote damage repair

In the normal physiological state, the Wnt signalling cascade is key pathway that regulates the proliferation and differentiation of intestinal stem cells (ISC) \[[@CR2]--[@CR5]\]. Lgr5 is a receptor for R-spondins and participates in canonical Wnt signalling \[[@CR2]\]. Lgr5+CBCs undergo constant renewal to produce secretory cells and enterocytes to maintain the intestinal epithelial homeostasis and tissue integrity \[[@CR6]\]. Although Lgr5+CBCs play an important role in daily intestinal maintenance, they are highly sensitive to injuries, such as inflammatory bowel disease (IBD) and irradiation \[[@CR7]\]. A quiescent stem cell population residing at the +4 position functions as reserve stem cells upon depletion of the actively cycling stem cell pool (Lgr5+CBCs) \[[@CR8]\].

Secretory lineages are derived from a common progenitor that emerges to occupy the +5-cell position above the stem cell niches \[[@CR9]\]. A recent study corroborated that these short-lived precursors of PCs and enteroendocrine cells (intermediate cells) can dedifferentiate to Lgr5+ stem cells upon injury \[[@CR10]\]. Further study demonstrated that fully committed PCs can dedifferentiate into a regenerative program to sustain intestinal epithelium homeostasis \[[@CR1]\].

As part of the niche, PCs represent a population of morphologically distinct and functionally specialised intestinal epithelial cells \[[@CR1]\], which have a lifespan of 3--6 weeks \[[@CR11]\]. Wnt signalling, which is guided by EphB3 and partially antagonised by the Notch canonical pathway, induces the maturation of PCs and their migration downward into small intestinal crypts \[[@CR12]--[@CR14]\]. Matured PCs secrete microbicidal peptides, enzymes and growth factors \[[@CR2]\]. The unique histo-morphological features and paracrine signalling implicate the special functions of PCs in cellular homeostasis as well as in the pathological state. In this paper, we provide an overview of recent studies that elucidate the important functions of PCs in intestinal epithelium regeneration, the role of PC interactions with intestinal stem cells and the key pathway that regulates PC development.

Paneth cells mediate intestinal stem cell renewal and regeneration following homeostasis or injury {#Sec2}
==================================================================================================

Intestinal stem cells are a source of rapid renewal of the intestinal epithelium by giving rise to all type intestinal epithelial lineages \[[@CR6], [@CR8]\]. Study on the relationship among intestinal stem cells, intestinal epithelial cells and stromal cells is mainly based on the application of animal models and organoid technology.

Irradiation animal models are a very widely used vector for intestinal inflammation damage. The mechanism involved in acute intestinal radiation is supported by evidence; that is, it mainly involves extensive activation of tumour necrosis factor alpha (TNFα) cascades, activation of tight junction signalling, aryl hydrocarbon receptor (AhR)-mediated apoptosis, activation of cell cycle signalling pathways and activation of the coagulation system \[[@CR15], [@CR16]\]. Dextran sulfate Na (DSS)-induced mouse enteritis model is also widely used and is similar to irradiation animal model that has high TNFα expression \[[@CR17], [@CR18]\]. These models provide a basis for studying intestinal homeostasis in animals and systematically determining the relationship between the intestinal epithelium and the body. Organoids of the small intestine are used to cultivate various types of intestinal epithelium in Petri dishes \[[@CR19]\] and reveal the totipotent role of ISCs. This method can successfully separate the intestinal epithelium from other factors and can clearly elaborate the interaction between cells or intestinal epithelium and cytokines.

Intestinal stem cells are located in the intestinal crypts, where PCs are also located. Recent studies focused on defining the identity of intestinal stem cells and their interaction with their PC niche. Confocal cross-sectioning of the intestine crypt bottom showed an almost geometrical distribution of PCs and Lgr5 stem cells, leading to maximised heterotypic contact area (Paneth--stem cell) and minimised homotypic contact area \[[@CR2]\]. This feature results in the dependence of CBCs on PC-mediated paracrine signalling.

In in vitro experimental research, PCs and Lgr5+ cells were sorted from untreated mice; their co-culture generated more organoids compared with Lgr5+ cells only \[[@CR2]\]. In DSS-treated mouse model, coculture of PCs and Lgr5+ cells led to similar findings \[[@CR20]\]. In vivo experiments partly reduce the number of PCs by mutation of Gfi1, transgenic expression of diphtheria toxin A and conditional deletion of Sox9; intestine stem cells were coincidently decreased in number and residual intestine stem cells colocalized with remaining PCs \[[@CR2]\]. This finding demonstrates that Lgr5 stem cells compete for available PC surface; as such, PCs can promote the function of Lgr5+ cells.

In recent years, many studies have confirmed that PCs can regulate ISCs through various signalling pathways and growth factors. PCs itself could provide multiple secreted protein such as Wnt3, EGF and Notch ligand Dll4 and Dll1, which are crucial for stem-cell support \[[@CR2], [@CR11], [@CR21]\] (Fig. [1](#Fig1){ref-type="fig"}). Wnt3 produced by PCs is amplified by the ubiquitous presence of R-spondin 1, which can be received by neighbour Lgr5 stem cells and promote the generation of organoids and the formation of asymmetry of crypt--villus \[[@CR2]\]. A study proved that Wnt3 produced by PCs has spatial specificity for the role of ISC; Wnt3 did not freely diffuse but had direct contact with the Frizzled receptors to improve the function of Lgr5 stem cells \[[@CR22]\]. Based on Wnt3 special secretion method, the division and distribution of PCs directly affect the function of ISC by activating the Wnt signalling pathway. Epidermal growth factor (EGF) is associated with intestinal proliferation and is also necessary for creating intestinal organoids \[[@CR21]\]. Lrig1, as negative feedback regulator of the EGF receptor, is expressed with the highest levels in ISCs but is absent from PCs, when deletion in ISCs could lead to EGF-induced stem cell proliferation \[[@CR23]\]. The EGF receptor (EGFR) is widely expressed in ISCs, while PCs could secrete its ligands with location specificity; this finding explains the regulatory effect of PCs on ISCs via the supply EGF ligand. Notch signalling is mediated through direct cell-to-cell contact of membrane-bound Notch ligands on one cell and transmembrane Notch receptors on adjacent cells; ISCs will lose their proliferation ability when Notch signalling is blocked \[[@CR24]\]. DLL4 is a Notch ligand that is essential for the homeostasis of stem and progenitor cells and the simultaneous inactivation of Dll1 and Dll4, resulting in the complete conversion of proliferating progenitors into postmitotic goblet cells, concomitant with loss of stem cells (SCs) (Olfm4(+), Lgr5(+) and Ascl2(+)) \[[@CR21]\]. Another study showed that Dll1 and Dll4 could be regulated by Fringe proteins, such as Lfng and Rfng; the latter is enriched in Paneth cells, and the former is mainly expressed in the villus; they promote cell surface expression of DLL1 and DLL4, further contributing to Lgr5+ ISCs self-renewal \[[@CR25]\]. The influence of PCs on intestinal stem cells is similar to that of in vitro organoids. In organoid culture, Wnt, EGF and Noggin (antagonist of BMP) growth factors need to be added \[[@CR21]\], while PCs can secrete Wnt and EGF, which are crucial for ISCs. These findings demonstrate that PCs are derived from paracrine signalling supporting intestinal stem niche.

However, another study reported a transgenic mouse model (Atoh1−/−; Atoh1 is a critical transcription factor for differentiation of PCs), which made the PCs completely removed possible. Three months after tamoxifen administration, Lgr5+ cells manifest intact long-term self-renewal in the gut epithelium in the absence of PCs. The levels of Wnt target transcripts, including genes associated with cell proliferation, such as CD44, Myc and Ccnd1, were unaffected in Lgr5+ stem cells. However, the Ki67 labelling index and the BrdU expression increased in Atoh1−/− mice \[[@CR20]\]; this phenomenon may be caused by complete loss of PCs. In this regard, we should consider the other mechanism. In addition to PCs, subepithelial stromal Wnt signals (expressing Wnt2b, Wnt4 and Wnt5a) and other signals can maintain the epithelial stem cell pool in the absence of PCs under normal tissue homeostasis \[[@CR26]--[@CR30]\]. Besides, enteroendocrine and Tuft cells support Lgr5 stem cells by secreting Dll1 as an alternate source of Notch signal support during PC depletion \[[@CR31]\].

Contribution of Paneth cells to intestinal epithelium renewal {#Sec3}
=============================================================

PCs that are terminally differentiated exit the cell cycle and do not express CBCs or proliferative markers during normal homeostasis in vivo \[[@CR32], [@CR33]\]. This phenomenon is also confirmed by mature PCs, which lack the capacity to form organoids if seeded individually \[[@CR8]\]. Lysozyme (LYZ) is a characteristic marker of PCs in addition to CD24 and MMP7 \[[@CR1]\]. Cell lineage tracing and RAN-seq analysis results demonstrate that PCs under pathological conditions (intestinal epithelium injury) may decrease or even lose the expression of these genes and obtain stem cell characteristics through de-differentiation, consequently contributing to intestinal regeneration \[[@CR1], [@CR13], [@CR14]\] (Fig. [1](#Fig1){ref-type="fig"}). In irradiation mouse model, PCs can re-enter the proliferative state and then differentiate into all cell types of the intestinal epithelium. Gene set enrichment analysis (GSEA) showed that irradiated CD24+ PCs had a significantly stronger stem cell gene signature (e.g. Axin2, Lgr5, Ascl2, Olfm4) compared with non-irradiated counterparts \[[@CR15]\]. The regenerative capacity of PCs is also maintained ex vivo; these cells can form small intestinal organoids when isolated from DSS-treated mice in the absence of Lgr5+ CBC cells \[[@CR34]\]. Based on lineage tracing of doxorubicin (DXR)-treated mice, regenerative MUC2-positive goblet cells, chromogranin A-positive enteroendocrine cells and villin-positive enterocyte cells are all derived from PCs. These regenerative cells can no longer express PC markers, such as MMP7 and LYZ, indicating the total loss of the identity of PCs \[[@CR35]\]. These demonstrated that PCs can acquire stem characteristics when the intestinal epithelium is injured, thereby achieving regeneration ability.

Notch and Wnt pathways play an important role in the plasticity of PCs. In animal and in vitro experiments, the Notch signalling pathway plays a key role in obtaining the stem characteristics of PCs. In vitro experiments, radiated PCs acquire stem cells features; this process leads to elevated expression of Notch pathway gene signatures, such as Hes1, Dtx4 and Adam17 compared with that under homeostatic conditions \[[@CR35], [@CR36]\]. Another study demonstrated that force activity Notch pathway in PCs can lead to dedifferentiation state \[[@CR16]\]. In ex vivo study, the plasticity of PCs can be increased, under the Notch pathway was actively or passively activated condition. In vivo studies, Notch target genes, such as Notch intracellular domain (NICD) and Hes1, were activated in the small intestinal PCs of irradiated mice \[[@CR33]\]. Forced NICD expression in PCs leads to transient proliferation states, followed by differentiation into other types of intestinal epithelial cells \[[@CR33], [@CR35]\]. Disintegrin and metalloproteinase domain-containing protein 10 (ADAM10) are necessary for lgr5+ CBC constitution when deletion can lead to crypt loss \[[@CR26]\]. It is an a-secretase that activates the Notch pathway and is also important for PC plasticity. In DXR injury model, loss of ADAM10 blocked the ability of PCs to acquire the features of stem cells \[[@CR37]\]. Hence, Notch signalling is necessary for PC dedifferentiation under injury conditions, such as radiation and chemical effects.

In the normal state, β-catenin is always nuclear positive in small intestinal PCs. β-catenin is a canonical target gene of the WNT signalling pathway, and it enters the nucleus and activates WNT signal. The positive nuclear expression of β-catenin in PCs probably indicates that PCs are sensitive to changes in Wnt signal within the crypt compartment. Acute loss of Wnt signalling results in depletion of PCs, whereas broad activation of canonical Wnt signalling results in the increase in the number of PCs \[[@CR38], [@CR39]\]. However, whether the Wnt/β-catenin pathway can affect the fate conversion of PCs remains controversial. Under homeostasis condition, forced expression of β-catenin in PCs cannot lead to acquiring stem cell-like features or change the life process of PCs \[[@CR35]\]. The Wnt signal cannot affect the plasticity of PCs under steady-state conditions but participates in PC regeneration under pathological conditions. SCF, a ligand of the c-Kit receptor, is enhanced in patients with IBD and DSS (dextran sodium sulfate)-treated mouse model \[[@CR40]\]. In DSS-treated mice, SCF/c-Kit signalling axis of the downstream PI3K/Akt through GSK3b inhibitory phosphorylation at Ser-9 increases the Wnt signalling activity in PCs \[[@CR34]\]. Using SCF/c-Kit signalling axis inhibition agent can significantly reduce the number of organoids obtained from PCs alone; the same result was obtained using selective GSK3b inhibitor \[[@CR34]\]. In this research, regardless of the method used, the proliferation and differentiation of PCs are achieved by activating the Wnt signalling pathway. By contrast, a homeostasis research indicated that adjusting no canonical Wnt signalling pathway can affect the ability of PCs to acquire stem-like features under pathological conditions. Hence, under injury condition, PCs can dedifferentiate and promote the regeneration of intestinal epithelium. This process needs Notch signal pathway activation and partly Wnt signal activation.

In addition to PCs, other differentiated intestinal epithelial cells, such as enterocyte cells, enteroendocrine cells (EECs) and other types of cells, can obtain stem features under certain conditions and promote intestinal injury repair. Enterocytes could acquire regeneration-associated genes by dedifferentiating into stem cells and Paneth-like cells when Lgr5+ stem cells are depleted \[[@CR41]\]. A subset of neuroD1-derived EECs can reserve stem cell properties in response to radiation-induced injury or under homeostatic conditions \[[@CR42]\]. Upon intestinal injury, Dll1- and Dll4-expressing cells generate absorptive and secretory cells \[[@CR43]\].

Stromal cells, inflammatory cells and cytokine mediators involved in intestinal regeneration {#Sec4}
============================================================================================

The lamina propria located below the intestinal epithelium of the intestine contains abundant mesenchymal cells, macrophages, immune cells and collagen. This area also plays an important role in repair of intestinal damage.

Stromal cells surround the base of crypts and mainly include mesenchymal cells, fibroblasts, endothelial cells, neural cells and inflammatory cells scattered in between them; stromal cells have an important regulatory effect on intestinal epithelium. Mesenchymal cells and related collagen are necessary for regeneration of the intestinal epithelium. The matrix-mediated integrin signalling via YAP/TAZ mechano-transduction promotes intestine regeneration in collagen type I; this process is accompanied by Wnt activation, and the same phenomenon was observed in human ulcerative colitis \[[@CR44]\]. ISLR has been identified as a marker of mesenchymal stromal cells \[[@CR45]\] because it can downregulate Hippo signals for YAP activation to promote intestine regeneration \[[@CR46]\]. Mesenchymal stem cells (MSCs) have a significant therapeutic potential for tissue damage by improving the growth of intestinal crypts in vitro by activating the Wnt/β-catenin signalling pathway \[[@CR47]\]. Similarly, stromal myofibroblasts through secreted Rspo3 proteins can stabilise the effects of Wnt ligands and further reprogram differentiated cells to support crypt regeneration upon damage \[[@CR48]\]. A recent study showed that fibroblasts could secrete extracellular vesicles with Wnt and EGF activity, thereby rescuing Wnt- or EGF-deficient organoid growth \[[@CR49]\]. Endothelial cells when inducing apoptosis did not affect intestine epithelial cell number change \[[@CR50]\]. Glucagon-like peptide 2 (GLP-2) receptor, a product of neurons, could positively regulate epithelial growth \[[@CR51]\]. We found that the regeneration of the intestinal epithelium induced by stromal cells is mainly achieved by directly or indirectly activating the Wnt signalling pathway.

Inflammatory cells such as T cells and macrophages, by produced cytokines, influence intestine regeneration. CD4+ and CD8+ T cells suppress human colon organoid formation; one of the mechanisms is T cells derived from IFNγ through JAK1/STAT1 activation directly target ISCs and induce apoptosis \[[@CR52]\]. IFNγ also causes damages to PCs \[[@CR53]\]. Colony-stimulating factor (CSF1) controls macrophage differentiation, and blockade of the CSF1 receptor-dependent macrophage leads to the conversion of Lgr5+ cells to reserve Bmi+ express ISC pool \[[@CR54]\]. In addition, macrophages are one of the sources of Wnts in cases of intestinal radiation injury; macrophages derived from extracellular vesicles can transport Wnts to activate the Wnt pathway and promote intestinal epithelium repair and regeneration \[[@CR55]\].

Cytokines, such as IL-4, IL-22, IL-6, IL-33 and tumour necrosis factor (TNF), are also involved in maintaining the function of the intestinal epithelium. IL-4 is a cytokine that is involved in T cell differentiation and regulation of immunoglobulin production \[[@CR56]\]. In vitro experiments found that IL-4 can inhibit the development of organoids, as manifested by the decreased proliferation of ISCs and a significant reduction in PCs \[[@CR57]\]; the mechanism is unclear, but the authors suggest that the dysfunction of PCs may be the cause of the reduction of ISCs. Th17 cells are a type of CD4+ T cells, which produce IL-22 or IL-17A and IL-6. These cytokines are important for regulating intestinal homeostasis upon inflammation \[[@CR58], [@CR59]\]. The IL-22 receptor (IL-22R) is present in intestinal epithelial cells (IEC), and IL-22 could augment ISC regeneration and reduction of allogeneic T cells caused intestine injury by positive regulation of STAT3; this process is independent of Wnt signalling pathway, Notch pathway and Paneth cells' regulation \[[@CR60]\]. Furthermore, IL-22 upregulates ATF3 (a stress-response molecule that exists in epithelial cells) by negatively targeting the protein tyrosine phosphatases (PTPs) of STAT3 to promote intestinal cell proliferation when knockout of ATF3 lead to reduction in the numbers of PCs and their granules \[[@CR61]\]. IL-6 could be produced by epithelial cells and is a strong STAT3 inducer similar to IL-22; IL-6 is also positively regulated by ATF3 \[[@CR59]\]. IL-6 signalling could also modulate crypt homeostasis, and the IL-6 receptor is only expressed in PCs by exotic and autocrine IL-6 specific induce activation of pSTAT3, via the Wnt signalling pathway, thereby increasing the proliferation of ISCs \[[@CR62]\]. IL-33, a product of pericryptal fibroblasts, induces PC expansion via the ST2 receptor and indirectly stimulates intestinal stem cell proliferation; the Notch signalling pathway is involved in this process \[[@CR63]\]. TNF is a central regulator of inflammation and is derived from bone marrow by interacting with TNF receptors located in the intestinal epithelium and induces the Wnt/β-catenin target gene expression for maintenance of intestinal ISCs \[[@CR64]\]. The role of cytokines and immune cells on intestinal epithelium is also mainly reflected on the activation of the Wnt signalling pathway, and some of these cytokines are related to PC function and number change.

The regulation of intestinal epithelium is a comprehensive and complex process. In addition to the intestinal epithelium, sub-epithelium tissues and cytokines also provide support for the steady state of the intestinal epithelium. The activation of the Wnt pathway is necessary for ISCs to promote intestinal damage repair (Fig. [1](#Fig1){ref-type="fig"}).

Role of Paneth cells in metabolic-mediated stem cell function {#Sec5}
=============================================================

Cell metabolism has been implicated in stem cell maintenance and differentiation in adult stem cell populations \[[@CR65]\]. Recent studies show that nutrients play an important role in maintaining the function of ISCs. For example, enhanced cholesterol biosynthesis leads to the proliferation of ISCs \[[@CR66]\]. Low levels of vitamin D compromise the function of ISCs \[[@CR67]\]. Fatty acid oxidation (FAO) enhances the function of ISCs \[[@CR68]\]. Ketone body beta-hydroxybutyrate (βOHB) through class I HDAC inhibition activates the Notch pathway to promote the function of ISCs \[[@CR69]\]. Glutamine promotes cell proliferation and mRNA expression of Lgr5+ cells \[[@CR70]\].

The mechanistic target of rapamycin (mTOR) is an important nutrition sensing element. It could regulate intestinal epithelial cells and ISCs during injury conditions \[[@CR71], [@CR72]\]. These processes are canonical WNT pathway and Notch pathway independent \[[@CR7]\]. mTOR could regulate intestinal epithelial cells and ISCs under injury conditions \[[@CR71], [@CR72]\]. mTOR complex 1 (mTORC1) is an important regulator for PCs and goblet cell differentiation; increase in mTORC1 can lead to a marked decrease in both type of cells, while decrease in mTORC1 will lead to PCs smaller in size and intracellular secretory granules \[[@CR73], [@CR74]\]. Recent studies have further confirmed that mTORC1 is involved in the caloric metabolic process of ISCs and PCs \[[@CR75]\].

PCs can affect the proliferation and differentiation of ISCs through different metabolic pathways. Under conditions of caloric restriction in mice, the numbers of PCs and Lgr5+ CBCs increased in vivo. In ex vivo study, co-culture with PCs from caloric restriction mice with intestine stem cell (ISCs from untreated or treated mice) gave rise to more and larger secondary organoid bodies than used normal PCs. The mechanism through which PCs augment stem cell function in response to calorie restriction involves the reduction of mTORC1 signalling in the cytoplasm. Under caloric restriction, downregulation of mTORC1 enhances the release of the paracrine effector bone stromal antigen 1 (Bst-1), which converts NAD+ to cyclic ADP ribose (cADPR) and promotes CBC proliferation \[[@CR76]\] (Fig. [2](#Fig2){ref-type="fig"}). Further research has shown that PCs can increase NAD synthesis and then enhance SIRT1 (a NAD-dependent protein deacetylase) and mTORC1 activity to promote ISC proliferation and protein synthesis (Fig. [2](#Fig2){ref-type="fig"}) \[[@CR75]\]. Based on gene expression profiling, no changes were observed in pathways, such as Wnt or Notch, that were previously implicated in mediating the interaction between PCs and ISCs \[[@CR76]\]. In situ glycan editing method found that high LacNAc (a sugar structure, which is linked to the cell surface protein PSGL-1 (P-selectin glycoprotein ligand) \[[@CR77]\]) expression on the surface of Paneth cells can block LacNAc, causing ISC proliferation arrest and accompanied by Wnt and Notch target gene changes \[[@CR78]\]. Fig. 2Schematic of the model for PC-mediated stem cell function. PCs augment stem cell function response to calorie restriction by reducing mTOR and supplying respiratory substrates as by-product of lactate. It can also suppress ISC function by increasing mTOR in ageing

In other studies, PCs affect the function of stem cells through other metabolic pathways. Study elaborated that Lgr5+ CBCs and PCs from the small intestine of mice displayed different metabolic programs. Compare with PCs, Lgr5+ CBCs showed higher mitochondrial activity. In Lgr5+ CBCs, the onset of differentiation relies on mitochondrial oxidative phosphorylation (OXPHOS), through which the number of crypts per organoid and the number of PCs increase. Treatment with glycolysis inhibitors in PCs strongly reduce their niche-supporting function and organoid formation. Addition of exogenous lactate, an end product of glycolysis, can strongly enhance the ability of Lgr5+ CBCs to form organoids \[[@CR79]\]. This experiment confirmed that PCs could provide the respiratory substrate by converting lactate into pyruvate to sustain OXPHOS in Lgr5+ CBCs, leading to ROS signalling, activation of p38 and cell differentiation \[[@CR79]\] (Fig. [2](#Fig2){ref-type="fig"}).

In conclusion, Paneth cells serve as sensors for nutritional status affects the functions of Lgr5+ cells not only through growth factor signalling but also by providing them with a metabolic fuel source.

Paneth cells affect intestinal stem cells in ageing {#Sec6}
===================================================

Ageing is an inevitable biological event and is usually accompanied by decreased function, including diminished self-renewal ability of stem cells \[[@CR80]\]. This process involves various systems of the human body (e.g., haematopoietic system, skin, brain) and may have clinical consequences, such as defective immune responses, Alzheimer's disease and hair loss \[[@CR81]--[@CR83]\]. The molecular mechanism of ageing remains unclear. A large number of recent studies believe that chromosome instability, pro-inflammation and mTOR play an important role in the occurrence of ageing and related diseases \[[@CR84], [@CR85]\]. In the intestinal epithelium, the features of ageing are accompanied by cell cycle changes, oxidative stress and enhanced apoptosis \[[@CR86]\]. Ageing of ISCs is driven by mTORC1 \[[@CR87]\] as well as decreased activity of the Wnt signalling pathway \[[@CR88]\]. In the gut, ageing impairing the balance between stem cell reserve and differentiation \[[@CR80], [@CR89]\]. In study of mouse models, the small intestine of ageing mice showed a decrease in crypt number accompanied by an increase in crypt length and width compared with those in young mice \[[@CR88]\]. Increasing the number of terminally differentiated cells, such as PCs and goblet cells, also alters the differentiation ability of stem cells \[[@CR88]\]. Flow cytometry analysis further confirmed that the number of Lgr5+ cells in the intestinal crypts of ageing mice was significantly reduced, whereas the number of PCs was significantly increased \[[@CR90]\]. Whether PCs are involved in ageing and their effect on crypt stem cells can be validated by co-culture. Crypts cultured from old mice yielded fewer and less complex organoids than those from young mice \[[@CR90]\]. Co-culture of Lgr5+ cells from old mice with PCs from young mice led to higher organoid-forming capacity than culture with PCs from old mice \[[@CR90]\]. The same result was obtained in long-term co-culture. These phenomena indicate that PCs can affect intestinal ageing \[[@CR90]\]. During physiological ageing, canonical Wnt signalling declined in ISCs \[[@CR88]\]. In a similar study on old PCs, RNA sequencing showed specific deregulation of genes that encode secreted or plasma-membrane-associated proteins; however, Wnt-responsive genes and the expression of Wnt3 or EGF were not significantly altered in old PCs \[[@CR38]\]. This phenomenon shows that the impact of PCs on ISCs is not achieved through the WNT signalling pathway. Another study showed that downregulated genes in aged ISCs included, as anticipated, cell proliferation but also extracellular matrix, PPAR, SMAD signalling and Wnt signalling pathways \[[@CR74]\]. The extracellular Wnt inhibitor Notum was significantly upregulated in PCs from ageing mice \[[@CR88], [@CR91]\]. Notum is regulated by the canonical Wnt pathway, forming a negative-feedback loop that was significantly upregulated in old PCs \[[@CR92]\]. The mTORC1 expression decreased under caloric restriction condition, leading to the proliferation of CBCs. This signalling is also linked with ageing with an increase in mTORC1 \[[@CR74]\]. In ageing, activation of the downstream of mTORC1 inhibited PPAR-α and increased the Notum expression in PCs of the ISC niche in mouse and human, thereby inhibiting Wnt signalling and reducing stem cell maintenance and regeneration. Reversing observed changes in mTORC1--PPAR-α signalling restored epithelial regeneration \[[@CR74]\] (Fig. [2](#Fig2){ref-type="fig"}). PCs can metabolically mediate stem cell function. Metabolic changes have an unexpected effect on ageing; fasting and caloric restriction could improve the function of ISCs with or without PCs involved. Fasting can enhance ageing intestinal stem cell function by inducing fatty acid oxidation (FAO)-PPAR axis without PCs \[[@CR2]\]. While the activation of the NAD/SIRT1/mTORC1 axis promotes ISC function under conditions of caloric restriction, the function of ageing ISCs can be restored using NAD analogues; this process needs PCs \[[@CR93]\].

These data demonstrate that Notum produced by PCs attenuates the regenerative capacity of ageing intestinal epithelium in vivo by reducing Wnt activity in stem cells. PCs in contrast can promote the function recovery of ageing ISCs when fasting by metabolic-related pathways.

Growth factor-mediated signalling pathways regulate the development or function of Paneth cells {#Sec7}
===============================================================================================

Alterations in the number and function of PCs are associated with maintaining intestinal homeostasis. Thus, any mechanism that affects PC development or function could further change the intestinal homeostasis. In mice, PCs in the intestine differentiate around postnatal day 14 \[[@CR94]\]. In humans, PCs differentiate around week 20 of foetal gestation \[[@CR95], [@CR96]\]. Wnt and Notch are two of the main signalling pathways that control the differentiation of ISCs; the differentiation of PCs is initially controlled through a Notch-dependent mechanism during secretory progenitor specification; further PC maturation is regulated by Wnt signalling \[[@CR26], [@CR97]\]. PCs derived from a subset of Lgr5+ label-retaining cells (LRCs) were proposed to constitute secretory precursors for PCs and goblet cells \[[@CR8], [@CR9]\] (Fig. [1](#Fig1){ref-type="fig"}).

The Wnt signalling pathway is vital to promote PC development and is also important for maintaining the undifferentiated state of intestinal crypt progenitor cells. Administration of Wnt3a increases the number of PCs in intestinal organoids \[[@CR26]\] (Fig. [3](#Fig3){ref-type="fig"}). In embryonic intestine, the development of PCs requires the activation of the Wnt/β-catenin signalling pathway \[[@CR12]\]. In the adult small intestine, the selective switch off/on of the Wnt/β-catenin signalling pathway in LRCs induced the transition of PCs to goblet cells \[[@CR98]\]. The mechanism involved is that Shp2 mediates MAPK signalling, thereby controlling the regulation of Wnt/β-catenin activity to decide the final fates of goblet cells and PCs \[[@CR99]\]. In detail, high Shp2/MAPK activity decreased the Wnt/β-catenin signals, promoting goblet cell differentiation; meanwhile, Shp2 ablation increased Wnt/β-catenin activity, promoting PC differentiation \[[@CR99]\]. In addition to PCs, which can secrete Wnt3, other intestinal cells, such as stromal cells, can secrete a variety of Wnt proteins \[[@CR36], [@CR37]\]. The secreted Wnt proteins are transported by the multi-pass transmembrane G protein-coupled receptor 177 (Gpr177) and partly dependent on Rab8a-mediated anterograde transport for exocytosis \[[@CR100], [@CR101]\]. Deletion of Rab8a significantly reduced the number of LYZ+ PCs, and this phenomenon may block the terminal differentiation of PCs from the precursors \[[@CR102]\]. Hence, deletion of Rab8a and Shp2/MAPK can affect the Wnt pathway and determine the maturation of PCs. Fig. 3Schematic of the model for PC regulation. Wnt signalling upregulates and downregulates Notch signalling, ErbB3, MIST1and Hmgcs2 can promote PC maturation. Notch signalling, mTORCC1 and Lkb1 upregulated or ErbB3, Gαq/Gα11 and PKCλ/ι inactivation inhibit PCs differentiation and function

Besides the Wnt signalling pathway, many other growth factors affect the development of PCs\]. The ErbB3 neuregulin (NRG) receptor is expressed in most epithelial tissues \[[@CR103]\]. In intestinal epithelial cells with knocked out ErbB3, PCs are generated in advance as early as postnatal day 7, while wild-type mouse PCs appear at around 2 weeks after birth \[[@CR94], [@CR104]\]. The number of mature PCs and MMP7/MUC2+ intermediate cells increased in adult mouse ileum \[[@CR104]\]. The underlying mechanism is that ErbB3 regulates PC differentiation through the PI3K--Akt pathway. The PI3K-mediated suppression of Atoh1 (which is required for secretory fate determination) inhibits PC differentiation \[[@CR104]\]. Another growth factor named helix-loop-helix transcription factor (MIST1) is a scaling factor; this factor can control the fate of exocrine cells (such as pancreatic acinar cells, zymogenic cells of the stomach) to affect secretory capacity \[[@CR105]\]. In the small intestine, the absence of MIST1 increased the numbers of PCs, which exhibit an LYZ/MUC2+ intermediate cell phenotype and morphologically show immature features, including decreased granule size and distended rough endoplasmic reticulum \[[@CR105], [@CR106]\] (Fig. [3](#Fig3){ref-type="fig"}). The Gαq/Gα11 signalling exerts its actions on G-protein-coupled receptors; the absence of Gαq/Gα11 signalling impairs the maturation of Paneth cells (enlarged, increased in number) and reduces Wnt signalling \[[@CR107]\].

The Notch signalling pathway plays a significant role in controlling the cell fate of intestinal epithelial progenitor cells into absorptive and secretory lineages. The inhibition of the Notch pathway by either chemical inhibition or knockout of associated genes (e.g. Notch1, Notch2, Dll1 and Dll4) can increase the secretory phenotype of cells, mainly goblet cells \[[@CR97], [@CR108]--[@CR110]\]. The downregulation of the Notch signalling pathway promotes secretory precursors differentiating into goblet cells but may only slightly or indirectly affect the differentiation of PCs. Progenitor cells can differentiate into PCs through downregulation of the Notch signalling pathway \[[@CR111]\]. DAPT, a selective γ-secretase inhibitor of the Notch pathway, induces the expression of LYZ and Defa6 (another marker of PCs differentiation) when incubated with intestinal organoids \[[@CR112]\]. This effect on the differentiation of PCs may be achieved by PKCλ/ι (a member of atypical PKC family, negative regulation PCs differentiation) by changing the epigenetic genetics of Atoh1 upon Notch inactivation \[[@CR112]\] (Fig. [3](#Fig3){ref-type="fig"}). A recent study showed that acute Notch inhibition leads to rapid apoptosis of PCs, while Notch activation counteracts the death of PCs caused by caspase-8 (casp8) absence; these finding suggests that Notch signalling are required for PC maintenance \[[@CR43], [@CR113]\].

In addition to above signalling pathways, metabolism-related growth factors determined regulate the fate of PCs. Ketone bodies can mediate the proliferation ability of ISCs; 3-hydroxy-3-methylglutaryl-CoA synthase 2 (Hmgcs2) is the gene encoding the rate-limiting step for ketogenesis when the deletion of Hmgcs2 leads to pronounced expansion of PCs \[[@CR9], [@CR114]\]. Tumour suppressor and kinase Lkb1 (encoded by Stk11) is a bioenergetic sensor that controls cell metabolism through repression of the transcription of Atoh1, thereby restricting the differentiation of ISCs into secretory lineage \[[@CR115]\]. mTORC1, as a nutrient sensor, also controls PC differentiation in the intestinal epithelium; the inactivation of mTORC1 will reduce the function and number of PCs. Prohibitin 1 (PHB1), a mitochondrial membrane component protein, is crucial for maintaining PCs; when loss will lead to defect of PCs, other factors, such as inflammation-associated mitochondrial dysfunction, also produce the same effect \[[@CR116], [@CR117]\].

Inflammatory factors are also involved in the regulation of PCs. For example, the deletion of Toll-like pattern recognition receptor (TLRs)9 could lead to downregulation of the number of PCs by blocking the release of interleukin17A (IL-17A) \[[@CR118]\]. The IL-22/Stat3 pathway can improve PC function by increasing the protein levels of lysozyme, RegIIIγ and α-cryptdin 5 under parenteral nutrition \[[@CR119]\]. The IL-4 treatment can significantly decrease the gene expression levels of Paneth cell marker LYZ and reduce the proliferation of ISCs \[[@CR120]\]. In addition, the IκB kinase (IKK)-NF-κB signalling pathway is involved in inflammatory process when its activation caused the depletion of PCs \[[@CR121]\]. Furthermore, STAT5-dependent JAK2 signalling and JAK1-dependent STAT1 signalling are required for anti-inflammatory cytokine; the absence of STAT5 or the activation of STAT1 decreases the number of PCs \[[@CR57], [@CR122]\]. Indoleamine 2,3-dioxygenase 1 (IDO1) was upregulated by inflammatory cytokines, thereby promoting the proliferation of PCs; this process blocks the activation of Notch1 \[[@CR123]\].

We have discussed many growth factors and inflammatory factors that can mediate the development of PCs in different angles. The occurrence and differentiation of PCs is greatly affected by the Wnt signalling pathway but is minimally influenced by the Notch signalling pathway. In addition to traditional pathways, metabolic and inflammatory processes also affect the fate of PCs to a certain extent.

Conclusion {#Sec8}
==========

PCs are a group of specialised epithelial cells of the small intestine and contain multiple secretory granules filled with antimicrobial peptides, which are essential for control of microbial growth and maintaining intestinal integrity. Previous studies and reviews focused on how PCs shape the intestinal microbiota or response to the immune system \[[@CR124]--[@CR126]\]. This paper provides an overview of the function of PCs and their contribution to ISC maintenance during intestinal homeostasis and injury condition.

PCs are located at the bottom of intestinal crypts. As a terminally differentiated cell, the function of ISCs are partially regulated by paracrine-specific secreted proteins (Wnt, EGF) or metabolic regulation under the conditions of intestinal homeostasis, including ageing and caloric restriction. The regulation of ISCs is mainly achieved by regulating the Wnt signalling pathway, but the metabolic regulation process, which promotes stem cell function by providing metabolic substrates. In the pathological state, the function of ISCs is enhanced, and PCs can acquire stem features to repair the intestinal mucosal epithelium. The strong plasticity of PCs is mainly achieved by reactivating the Notch signalling pathway.

In the whole intestine, various cells of the intestinal lamina propria and cytokines play an important role in the steady state of ISCs and the regulation of PCs. As mesenchymal cells, fibroblasts can promote the function of ISCs by activating the Wnt signalling pathway or secreting Wnt and EGF; this process can partially overlap with the function of PCs. Similar to stromal cells, cytokines (e.g. IL-6, IL-33 and TNF) also promote the proliferation of ISCs by activating Wnt.

The development of PCs is also regulated by a variety of growth factors and cytokines especially under pathological conditions; the differentiation of precursor stem cells into PCs is greatly affected. PCs play an important role in the function of ISCs, in the ways that regulate PCs, which also means a certain effect on ISCs. The main factor that effects the differentiation of PCs is the Wnt signalling pathway.

In summary, PCs can be regarded as the guardians of intestinal crypt function and have a huge regulatory effect on ISCs under pathological and physiological conditions. The interaction network between PCs and stromal cells and between PCs and differentiated intestinal epithelial cells remains unclear.

PCs

:   Paneth cells

CBC

:   Crypt base columnar

ISCs

:   Intestine stem cells

IBD

:   Inflammatory bowel disease

LYZ

:   Lysozyme

OXPOS

:   Mitochondrial oxidative phosphorylation

LRCs

:   Lgr5+ label-retaining cells

mTORC1

:   mTOR complex 1

MIST1

:   Helix-loop-helix transcription factor

Bst-1

:   Bone stromal antigen 1

cADPR

:   Cyclic ADP ribose

NICD

:   Notch intracellular domain

CSF1

:   Colony-stimulating factor

TNF

:   Tumour necrosis factor

FAO

:   Fatty acid oxidation
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